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ABSTRACT
The Radiation Assessment Detector (RAD), on board Mars Science Laboratory’s
(MSL) rover Curiosity, measures the energy spectra of both energetic charged and
neutral particles along with the radiation dose rate at the surface of Mars. With these
first-ever measurements on the Martian surface, RAD observed several effects influ-
encing the galactic cosmic ray (GCR) induced surface radiation dose concurrently: [a]
short-term diurnal variations of the Martian atmospheric pressure caused by daily ther-
mal tides, [b] long-term seasonal pressure changes in the Martian atmosphere, and [c]
the modulation of the primary GCR flux by the heliospheric magnetic field, which cor-
relates with long-term solar activity and the rotation of the Sun. The RAD surface dose
measurements, along with the surface pressure data and the solar modulation factor,
are analysed and fitted to empirical models which quantitatively demonstrate how the
long-term influences ([b] and [c]) are related to the measured dose rates. Correspond-
ingly we can estimate dose rate and dose equivalents under different solar modulations
and different atmospheric conditions, thus allowing empirical predictions of the Mar-
tian surface radiation environment.
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1. Introduction and Motivation
The assessment of the radiation environment is fundamental for planning future human mis-
sions to Mars and evaluating the impact of radiation on the preservation of organic bio-signatures.
Contributions to the radiation environment on the Martian surface are very complex (e.g., Saganti et al.
2002; Dartnell et al. 2007; Ehresmann et al. 2011; Ko¨hler et al. 2014; Ehresmann et al. 2014): en-
ergetic particles entering the Martian atmosphere either pass through without any interactions with
the ambient atomic nuclei, or undergo inelastic interactions with the atmospheric nuclei creating
secondary particles (via spallation and fragmentation processes), which may further interact while
propagating through the atmosphere. Finally all primary and secondary particles reaching the sur-
face may also interact with the regolith and, amongst others, produce neutrons which could be
backscattered and detected as albedo neutrons (e.g., Boynton et al. 2004). Therefore, the radiation
environment measured at the surface of the planet is determined by the characteristics of the pri-
mary radiation incident at the top of the atmosphere, the composition and mass of the atmosphere,
and the composition and density of the surface soil. The above process can be described by a
simplified mathematical equation:
F j(z, t, E) =
∞∫
0
∑
i
Mi j(z, E, E0)F0i(E0, t)dE0, (1)
where E0 is the energy of a primary particle with species i (e.g., protons, alpha particles and
heavy ions) reaching the top of the Martian atmosphere; F0i(E0, t) is the spectrum (in the unit of
counts/MeV/sec/cm2) of primary particle type i at time t; Mi j(z, E, E0) is the yield matrix, repre-
senting the interaction between particles and the atmosphere (and the regolith), of particle type i
with energy E0 generating particle type j with energy E; Mi j therefore depends on the altitude z
(or atmospheric pressure P); finally F j(z, t, E) (in the unit of counts/MeV/sec/cm2) is the result-
ing particle spectra of type j at time t. Compared to Neutron Monitors on Earth which measure
the count rates of secondary particles generated by primary fluxes going through the atmosphere
(Clem & Dorman 2000), RAD measures a mix of primary and secondary particles. Further, there
is no need to include the geomagnetic cutoff energy in the case of Mars due to the absence of a
global magnetic field.
– 3 –
There are predominantly two types of primary particles (F0i(E0, t)) reaching Mars: galactic
cosmic rays (GCRs) and solar energetic particles (SEPs). SEPs are sporadic and impulsive events
and take place much more frequently during the active phase of the solar cycle. SEPs are mainly
protons, electrons and α particles with energy typically ranging from 10 to several hundreds of
MeV. GCRs generally originate from outside the Solar System, e.g. in supernova remnants, and
their composition consists mainly of protons, ∼ 7-10% helium and ∼ 1 % heavier elements. Due
to the scattering effect of the magnetic fields in interstellar space, charged GCRs are subject to
continuous deflection and the observed spectra are mostly isotropic. The GCR flux in the Solar
System is inversely modulated by the variations of the solar activity (e.g., Parker 1958). In the
long term, during solar activity maximum the increased solar and heliospheric magnetic fields are
more efficient at hindering low-energy GCRs from entering the inner heliosphere (e.g., Heber et al.
2007; Wibberenz et al. 2002) than at solar activity minimum when the interplanetary magnetic
field strength are reduced (Goelzer et al. 2013; Smith et al. 2013; Connick et al. 2011). Conse-
quently, the GCR population is most intense during solar minimum (e.g., Mewaldt et al. 2010;
Schwadron et al. 2012). In the short term, the GCR spectrum can also be altered indirectly by
solar events such as coronal mass ejections (CMEs) where the enhanced interplanetary magnetic
field can sweep away a fraction of GCRs causing reductions in GCR doses in the form of Forbush
decreases (Forbush 1938; Schwadron et al. 2012, 2014b).
The Mars Science Laboratory (MSL) spacecraft (Grotzinger et al. 2012), carrying the Curios-
ity rover, was launched on November 26, 2011 and the rover landed on Mars on August 6, 2012.
The Radiation Assessment Detector (RAD, Hassler et al. 2012) onboard is an energetic particle
detector and carried out radiation measurements during its cruise from Earth to Mars (Zeitlin et al.
2013) and now continues to do so on the surface of the planet (Hassler et al. 2014). The solar
modulation of the dose rate measured by RAD during the MSL cruise phase has been discussed by
Guo et al. (2015b).
Typically, CME and SEP events are more common during solar maximum, but the latest
solar maximum has been a very weak one compared to space-age averages (e.g., Schwadron et al.
2011; McComas et al. 2013; Komitov & Kaftan 2013). This may have been caused by the reduced
solar wind pressure (e.g., McComas et al. 2008; Schwadron et al. 2014a) in the deep cycle 23-
24 minimum which has allowed the termination shock to move closer to the Sun and led to a
weakened modulation of the heliosheath (Scherer et al. 2011). There were only three solar particle
events detected by RAD over its first Martian year 1 on the surface of Mars. They can be seen in
the middle panel of Figure 1 as three peaks of the measured dose rate (the dose rate measurement
will be explained in more detail in Section 2) at sols 242, 420, and 504 respectively. The dose
11 Martian year ≈ 668 sols; 1 sol = 1 Mars day ≈ 1.03 earth day
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rates during these SEP events were several times higher than the quiet-time dose rate. For a closer
inspection of the variations of the GCR-driven dose rate during the solar quiet periods, we omit
the peak values of the SEPs in this figure. A zoomed-out figure containing the surface dose rate
measurements for the first 300 sols, as well as the peak doses of the first SEP can be found in
Hassler et al. (2014).
The bottom panel of Figure 1 shows the Mars surface atmospheric pressure as measured by
REMS (Go´mez-Elvira et al. 2012), while the middle one shows the dose rate measured by RAD.
Both panels show high time resolution data as a shaded band and one-sol averages as solid dots.
The variations in the shaded bands are real short-term (diurnal) oscillations in dose rate and are
anti-correlated with corresponding diurnal pressure variations. A zoomed-in figure containing one-
sol variations of the dose rate and the pressure can be found in Rafkin et al. (2014). However, some
of the long-term evolutions, e.g., the drops in both dose rates and pressure in the time period pro-
ceeding sol 200 to those around and after sol 300, can not be well explained by the anti-correlation
between them. The aim of this paper is to investigate the relative influences of atmospheric pres-
sure (bottom panel) and heliospheric modulation (top panel) on the measured dose rate (middle
panel).
During solar-quiet periods, several factors on different time scales may affect the variation of
the GCR-induced dose rates measured by RAD on the surface of Mars: [a] the short-term diurnal
variations of the Martian column mass (measured as surface pressure in a hydrostatic atmosphere)
at Gale crater caused by daily thermal tides (Rafkin et al. 2014), [b] the long-term seasonal changes
of the atmospheric pressure shown in the bottom panel of Figure 1, and [c] the modulation of
the primary GCR flux by the solar magnetic field which correlates with the solar activity and
the rotation of the heliosphere. A commonly used parameter of heliospheric modulation is the
modulation potential Φ (Gleeson & Axford 1968; Usoskin et al. 2005) which corresponds to the
mean electric potential that quantifies the energy loss of a cosmic ray particle experiences inside the
heliosphere and is often used to parametrize the modulation of the GCR spectrum. The modulation
potential allows specification of distributions across a range of GCR particle species with different
nucleons A and charge state Z and has been often used in determining GCR spectra and flux
based on analytic models (e.g., ONeill 2006). In other words, the GCR-driven primary flux in
Equation 1 is a function of Φ, i.e., F0i(Φ) and the yield matrix, Mi j, is a function of atmospheric
pressure, P; the resulting particle spectra, F j(E), along with the dose rate which is a good measure
of the radiation environment, are consequently a function of Φ as well as pressure, i.e. F j(E) =
F j(Φ, P, E). This study aims to derive an empirical expression for the dose rate as a function
of Φ and pressure based on observational data and thus make it possible to predict the radiation
environment on the surface of Mars under different solar modulations and pressure variations.
From the neutron monitor count rates (CRNM , in the unit of counts per minute) recorded by the
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Fig. 1.— Top: Solar modulation potential Φ at Earth derived from Oulu neutron monitor count
rate is shown in black and the per-sol-averaged Φ corrected to Mars’ location is plotted as red dots.
Middle: Dose rates recorded by RAD in the silicon detector B (gray curve) and plastic scintillator
E (tissue-equivalent, black curve) with their per-sol-averaged values marked as magenta- and red-
dots respectively. Bottom: The pressure data from REMS (gray curve) and the per-sol-averaged
values (red dots). The overall average pressure of the first 700 sols is about 840 Pascal and is
marked as a thick-green line. Note that we have given the unit of time in both sol (i.e., time since
the landing of MSL) at the bottom of the figure and day of year/year format at the top of the figure.
– 6 –
Oulu neutron monitor 2, the modulation potential Φ (in the unit of MV) at Earth can be estimated
(Usoskin et al. 2002; Guo et al. 2015b) and its results are plotted in black in the top panel of Figure
1. However, the potential Φ at Earth and at Mars may differ due to the longitudinal difference of
the modulation across the Parker spirals resulted from three dimensional drifts (e.g., Jokipii et al.
2004; Potgieter & Le Roux 1992) as well as the small radial gradient between 1.0 and 1.5 AU
(Schwadron et al. 2010; Gieseler et al. 2008). This radial effect can be corrected following the
analytic function given by Schwadron et al. (2010) and the resulting modulation Φ at Mars (per-
sol-average) is plotted in red dots. It is generally smaller than Φ at Earth with variant differences
(shown as red-shaded areas) through time due to varying distances of the planets to the Sun.
Transient effects that are localized to narrow ranges of heliospheric longitude, such as narrow
CMEs, can also perturb the GCR fluxes differently at Earth and Mars. In order to reduce the
spatial longitudinal discrepancy of Φ, we use binning techniques in our current study as presented
in Section 4.2.2.
2. RAD Measurements
RAD measures both the charged as well as the neutral radiation environment on Mars (Hassler et al.
2012). It uses the dE/dx vs total E or multiple dE/dx techniques (Ehresmann et al. 2014; Guo et al.
2015a) to identify charged particles in a telescope stack of three silicon semiconductor detectors,
A, B, and C, followed by a high-density CsI scintillator calorimeter, D. The CsI crystal together
with a plastic (BC-432m) scintillator (namely detector E) are enclosed in a highly efficient antico-
incidence in order to measure the neutral radiation (Ko¨hler et al. 2014). In addition, the dose rate
is measured in the silicon detector B as well as in the plastic detector E. A detailed overview of the
instrument is given in Hassler et al. (2012).
In this work we will determine the influence of heliospheric modulation and atmospheric pres-
sure on dose rate in silicon (detector B) and in plastic (detector E). The dose rate is defined as the
energy deposited by radiation per unit mass and time and is measured in Gy/day (J/kg/day). During
quiet times, the dose rate on the surface of Mars is - apart from a very small natural background
- determined by the GCR and its interaction with the atmosphere and soil. It can be described by
the following equation:
D(Φ, P) =
∑
j
∑
area
ǫmax∞"
ǫmin0
λ j(E, ǫ)F j(Φ, P, E)dEdǫ/m, (2)
2The Oulu count rate data have been obtained from http://cosmicrays.oulu.fi/ and the pressure effect has been
corrected.
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where E is the energy of a particle with type j, F j(Φ, P, E) (in the unit of counts/MeV/sec/cm2)
is the surface particle spectrum (equivalent to F j(z, t, E) in Equation 1) which is modulated by the
heliospheric potential, Φ, and atmospheric pressure, P. m (kg) is the mass of the detector and
ǫ is the energy deposited by the particle in the detector. This energy deposit can be estimated
using either a simple Bethe-Bloch Ansatz (Bethe 1932) or with more sophisticated models such
as GEANT4 (Agostinelli et al. 2003) and HZETRN (Wilson et al. 1995) and is included as a yield
matrix, λ j(E, ǫ), in the above equation. ǫmin and ǫmax are the minimum and maximum energy over
which the detector is sensitive and D is the corresponding dose rate integrated over the entire
detection area (area) and all the detected particle species. Dose rate is in the unit of MeV/kg/sec
and can be transfered to µGy/day. Correspondingly D depends on both heliospheric potential, Φ,
and on atmospheric pressure, P.
RAD measures radiation doses induced by both charged and neutral energetic particles in two
detectors: the silicon detector B and the plastic scintillator E (Hassler et al. 2012). RAD is directly
mounted on the ’shoulder’ of the rover body (Hassler et al. 2012) and the shielding of the rover
from above can be ignored. It is indeed shielded by the rover from below. However since the
upward flux (of albedo particles) is much smaller than the downward flux 3, the measured dose can
be roughly assumed equivalent to the radiation dose of the Martian surface.
RAD operates on adjustable ”observation” cycles, with typical durations of 32 minutes early
in the surface mission and 16 minutes later in the mission to date. These cadences typically yield 44
or 88 measurements per day or sol for dose rates or charged/neutral particle count rates. Detector E
has a composition similar to that of human tissue and is also more sensitive to neutrons than silicon
detectors. For a given incident flux, the dose rate in detector B is generally less than the dose rate
in E because of the comparatively larger ionization potential of silicon as shown in Figure 1.
3. Martian Atmospheric Pressure
The Martian atmosphere is roughly 1% as thick as that of the Earth’s. The dominant compo-
sition of the Martian atmosphere is about 95% CO2 (Owen et al. 1977), of which 25% condenses
seasonally onto the winter pole. Nevertheless, the seasonal variation of the composition has a
very little effect on the surface radiation field compared to the changes of the column mass (e.g.,
Rafkin et al. 2014). The oscillations in atmospheric column mass drive variation of energetic par-
ticle radiation at the surface with both diurnal and seasonal periods.
3More detailed analysis shows that the upward-downward ratio of the proton flux is only about 13% (Appel et al.,
paper in preparation).
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3.1. Diurnal Pressure Variations
With a constant value of gravitational acceleration g, the surface pressure is an exact measure
of the column mass given a hydrostatic atmosphere. An increase in column mass corresponds to
an increase of surface pressure (e.g., Rafkin et al. 2014).
The Martian atmosphere exhibits a strong thermal tide excited by direct solar heating of the
atmosphere on the dayside and strong infrared cooling on the nightside. Heating causes an inflation
of the atmosphere with a simultaneous drop in surface pressure. In Gale Crater, the thermal tide
produces a diurnal variation of column mass of about ±5% relative to the median, as measured by
the Rover Environmental Monitoring Station (REMS) (Go´mez-Elvira et al. 2012). The magnitude
of the diurnal pressure cycle at Gale Crater is substantially greater than previous surface measure-
ments. This is likely due to the topography of the crater environment, which yields hydrostatic
adjustment flows that amplify the daily tides (Haberle et al. 2014).
This daily pressure oscillation can be seen in the bottom panel of Figure 1 where the pressure
(shown as gray lines) expands away from the daily averaged pressure (shown as red dots) within
the range of ≈ ± 50 Pascals.
3.2. Seasonal Pressure Changes
The seasonal Martian atmospheric pressure variation is controlled by a complex balance be-
tween the cold and warm poles (e.g., Tillman 1988; Zurek 1988). As on Earth, when the south
pole is in total darkness, the north pole is experiencing continuous sunlight; one might expect that
the global pressure should stay roughly constant over the year, as CO2 vaporized at one pole would
freeze at the other. However, the high eccentricity of Mars’ orbit causes the insolation to be signif-
icantly different between poles. Mars is farther from the Sun during northern summer; the summer
in the southern hemisphere is much warmer than summer in the northern hemisphere. As a result,
the north and south poles have different impacts on the atmospheric pressure changes through con-
densation of CO2 to the polar region in winter and the recession of CO2 polar cap during spring
and summer. The seasonal CO2 condensation cycle results in the seasonal pressure variation: as
more CO2 evaporates into the atmosphere in the summer, the measured surface pressure increases
as shown in the bottom panel of Figure 1.
Curiosity landed at the time when the northern hemisphere was in late summer and the global
pressure was near its minimum since the southern CO2 ice cap had nearly reached its maximal
extent during southern hemisphere winter. As shown in Figure 1, the atmospheric pressure then
began to increase as the southern polar cap started shrinking during the southern spring (northern
autumn). It then reached a peak (∼ sol 175) during early northern hemisphere winter, when the
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southern cap was near its minimum level and before the northern cap had grown to its maximum
size. A small minimum of the pressure is present during the late northern winter when the northern
cap reaches its maximum extent (∼ sol 310).
The diurnal pressure oscillation (as described in Section 3.1) superimposed on this long term
seasonal pressure change can be averaged out by calculating the per-sol-averaged pressure as
shown by the red dots in Figure 1. The peak to peak seasonal pressure difference reaches about
25% of the average pressure. This seasonal pressure variation, like the diurnal variation, causes
column density changes of the atmosphere that affect the particle fluxes measured by RAD at a
seasonal period.
4. Empirically Modeling the Dose Rate as a Function of Pressure and Solar Potential
As discussed in Section 1, we aim to find out how RAD measured surface radiation environ-
ment depends on atmospheric pressure P and solar modulationΦ. Both influences are blended and
embedded in the long-term variations of the measured GCR dose rate as seen in Figure 1. While
some previous studies have attempted to model the effects of atmospheric pressure on the Martian
radiation environment and dose rate 4, this work has the advantage of using actual in-situ measured
data for a quantitative and empirical study.
Rafkin et al. (2014) have analyzed the diurnal pressure effect on the dose rate measurement by
successfully isolating the diurnal variations in the RAD measurements from the longer-term influ-
ences that include seasonal atmospheric shielding and variability of the heliosphere. This method
will be explained in Section 4.1.1. The authors presented a robust fit with a linear correlation be-
tween pressure changes and dose rate measurements 5 providing the reasonable assumption that the
solar modulation Φ varies at a time scale longer than the diurnal period. Guo et al. (2015b) have
studied the solar modulation of the GCR dose rate measured by RAD during the MSL cruise phase
when the pressure-variation effect was not present. Two separate empirical models were employed
to describe the anti-correlation between heliospheric modulation potential Φ and measured dose
rate. Both a simple linear function and a non-linear regression model could equally well represent
this anti-correlation given that the shielding of the spacecraft (’pressure’) was constant. Assuming
that Φ and pressure P are two independent parameters influencing the surface dose rate (while the
viability of this assumption will be discussed in Section 5), the pressure effect and the solar modu-
4Ehresmann et al. (2011) calculated the surface radiation exposure for much higher atmospheric pressures which
might have been present during the Noachian epoch.
5This linear correlation has been obtained at the scale of pressure values measured at Gale Crater and should not
be simply extrapolated over a much wider range of pressure, e.g., to the top ot the Martian atmosphere.
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lation can be linearly combined. This results into the following two models of GCR-induced dose
rate variations on the surface of Mars.
1. Both the pressure effect and the solar modulation drive the variation of dose rate linearly and
independently, written as:
D(Φ, p) = D01 + κP + βΦ, (3)
where κ (in the unit of µGy/day/Pa) is the linear correlation factor between pressure and dose
rate variations and can be fitted when Φ is constant; β (in the unit of µGy/day/MV) is the
linear correlation factor between solar potential and dose rate changes and can also be fitted
when pressure is approximately stable; D01 (in the unit of µGy/day) is some relevant dose
rate when both pressure and Φ are at certain typical levels, e.g. P0 and Φ0.
2. The solar modulation effect can also be described by a non-linear empirical model (Guo et al.
2015b) as often used in the analysis of neutron count rates (e.g., Usoskin et al. 2011). The
combination of the pressure and Φ changes results in:
D(Φ, P) = D02 + κP + α1
Φ + α2
, (4)
with the requirement of α2 ≥ 0 to assure a positive denominator. α1 (in the unit of MV · Gy/day)
and α2 (in the unit of MV) can be fitted when pressure is constant. D02 (in the unit of
µGy/day) is some relevant dose rate when both pressure and Φ are at certain typical levels.
4.1. Pressure Effect
The day and night variations of the dose rate have been observed for the first time on the
surface of Mars by RAD, as presented by Rafkin et al. (2014) where the anti-correlation between
pressure and dose rate changes has been quantitatively investigated. Due to the day and night
oscillations of the atmospheric column mass, the characteristics of the particle radiation at the
surface also vary diurnally. The middle panel in Figure 1 shows the dose rate measured by RAD
on the surface of Mars during the first 700 sols (06/Aug/2012 - 25/Jul/2014). The dose rate varies at
a diurnal level seen as oscillations of the black curve for the plastic detector, E, and the gray curve
for the silicon detector, B. The variation in the E dose rate over a diurnal cycle averages about 15
µGy/day (or ∼5 %) peak to peak, out of around 220 µGy/day. The oscillation in the silicon detector
is more pronounced because it includes both the diurnal variation and larger statistical fluctuations
due to its smaller geometric factor. The per-sol-averaged values of the dose rates are calculated and
plotted over the curves as magenta-dots (for B measurements) and red-dots (for E measurements).
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Three SEP events occurred on sol 243, 421 and 504 and they are excluded from the following study
of the pressure effect since the particle fluxes and energies during SEPs are substantially different
from those of GCRs and the pressure response of dose rate can be heavily modified. Quantitative
analysis has shown a clear inverse relation between the variations in the atmospheric pressure and
the RAD dose rates with a correlation coefficient for linear regression of 96%.
4.1.1. Fitting κ using Hourly Perturbation
We use the method described in Rafkin et al. (2014) to produce the average diurnal perturba-
tions of the data; this approach aims at isolating the diurnal variations in the RAD measurements
from the longer-term influences that include seasonal atmospheric shielding and variability of the
heliosphere, as well as solar event.
Generally, the dose rates measured by RAD are distributed uniformly in time while REMS’
pressure data are recorded at 1 Hz over 5 minute periods at certain periods of the sol. In order to
correlate these two data sets with different time frames, we obtain the hourly averaged measure-
ments of both pressure and dose rates and their corresponding hourly perturbations. The hourly
averaged dose rate and pressure are Dh,s and Ph,s respectively where h represents the hour (here
defined to be 24 hours on each sol) and s corresponds to the sols. The measurements, especially
the pressure data, were not always uniformly taken in time and there are gaps in the data lasting
longer than one hour. Therefore we only consider sols where there are at least 20 hours with pres-
sure measurements in each hour. Then we interpolate the pressure data using a spline interpolation
method so that data are distributed uniformly and continuously over 24 hours through that sol and
systematic errors of the hourly average and per-sol-average could be minimized. Finally the in-
terpolated pressure data can be binned into 24 bins for each sol and the hourly binned pressure
is the corresponding hourly average Ph,s. The hourly pressure perturbation δPh,s is defined as the
difference between the hourly average, Ph,s, and the total average, Ps, of the corresponding sol:
δPh,s = Ph,s − Ps = Ph,s −
24∑
h=1
Ph,s
24
. (5)
In this case, the hourly perturbation is isolated from the sol-to-sol changes; δPh,s can further be av-
eraged through all sols to obtain the mean hourly perturbation ¯δPh and the corresponding standard
error in that hour. The same binning technique has also been applied to RAD dose rate measure-
ment. The mean hourly perturbation of dose rate, ¯δDh, can be readily correlated with the hourly
pressure perturbation, ¯δPh, and their relationship follows a clear anti-correlation which can be fitted
with a first-order polynomial function:
¯δDh = κd × ¯δPh. (6)
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4.1.2. Pressure Effect on Dose Rates
Using the binning method described in Section 4.1.1, we fitted the diurnal dose rate variations
(measured by detector E) as a response of pressure oscillations through the first MSL Martian year
as shown in Figure 2. The correlation coefficient for linear regression is 98.8%. The fitted propor-
tionality factor, κ, is -0.13 ± 0.02 µGy/day/Pa where the error bar is obtained through propagation
of the uncertainties of the hourly perturbation data. The measured dose rate decreases when the
pressure increases since κ is negative. This indicates that the atmosphere has a shielding effect on
surface dose rates. The proportionality factor obtained here is consistent, within error bars, with
what obtained by Rafkin et al. (2014) which was about 0.116 µGy/day/Pa. The slight difference
is caused by the selection of different periods (Rafkin et al. (2014) used the first 350 sols of data),
and by the method used here to interpolate data into a uniform distribution in time before the bin-
ning process. We have applied the same method to fit the pressure effect on dose rates deposited
in detector B and found the correlation coefficient to be 96.4% and the proportionality factor to
be -0.10 ± 0.06 µGy/day/Pa which is smaller than that for the E detector since dose rates in B are
generally smaller.
Note that compositional changes in the atmosphere have only a vanishingly small effect on
surface radiation compared to the pressure variations (Rafkin et al. 2014). Similarly, the occasional
presence of dust in the atmosphere during dust storms is negligible6.
4.2. Solar Modulation
The pressure variations and the modulation of the primary GCR radiation outside the atmo-
sphere are the two factors which determine the longterm dose rate variations on the surface of Mars
as explained in Section 2. In order to separate these two effects, we subtract the pressure effect
using the proportionality of the variations found above.
4.2.1. Subtracting the Pressure Effect
As we can already isolate the pressure effect and obtain the proportionality factor κ in Equa-
tion 3 and 4, the effect of solar modulation can be investigated by first subtracting the pressure
6A PLANETOCOSMIC simulation has been carried out to derive the particle fluxes on the surface of Mars con-
sidering the existence of dust storms. The result shows that the effect of dust storms is very small (Appel et al., paper
in preparation).
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Fig. 3.— RAD dose rates (µGy/day, left axis) and solar modulation potential Φ at Mars’ radial
distance (MV, think-black-dotted-line, right axis) through sol 13 to 682 (approximately one Mar-
tian year). RAD dose rates from silicon detector B is in blue and from plastic detector E is in red.
Thick-green and thick-cyan lines are the resulting dose rates (D′ in Equation 7) assuming pressure
is constant at P0. Note that we have given the unit of time in both sol (i.e., time since the landing
of MSL) at the bottom of the figure and day of year/year format at the top of the figure.
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effect from dose rate and then correlating the ’constant-pressure’ dose rate with solar modulation
potential Φ. The method can be described by restructuring, for instance Equation 3 as following:
D′(Φ) = D′01 + βΦ, (7)
where D′ = D − κ(P − P0) and D′01 = D01 + κP0. Employing all the per-sol-averaged dose rate
data collected over one Martian year (sol 13 to 682), we can subtract the seasonal pressure effect
assuming the surface pressure is constant at a particular value, i.e., P0 = 840 Pascals, which is the
averaged pressure found by REMS during this time period as shown in Figure 1. By calculating
the difference of the per-sol-averaged pressure P and P0 and using κ found in Section 4.1.2, we
estimate the pressured-induced dose rate to be κ(P−P0) which is then subtracted from the long-term
dose rate measurement with the ’constant-pressure-as-P0’ dose rate remaining, namely D′ being
solely a function of solar modulation potentialΦ. Figure 3 shows the RAD dose rates measured by
both silicon and plastic detectors before (thin lines) and after (thick lines) the pressure correction.
Also plotted is the solar modulation Φ which already shows an anti-correlation with the constant-
pressure dose rates.
4.2.2. Correlation of dose rates and Φ
The modulation potential,Φ, is derived from the Oulu neutron monitor on Earth (at 1AU) and
corrected to the radial distance of Mars (∼ 1.5 AU) following Schwadron et al. (2010). However
Mars and Earth are not always magnetically well connected and cross-field diffusion and drift can
be extremely important. In other words, the modulation process is fundamentally 3-dimensional
and Φ can not directly represent modulations at Mars7. In order to average out the cross-field
discrepancy of the modulation between Earth and Mars and to smooth out the rotation of the
heliospheric magnetic fields, we bin the per-sol-averaged data as shown in Figure 3 into 26-sol-
averaged bins and correlate the binned Φ values and constant-pressure dose rates. The correlation
coefficients are -0.66 and -0.56 for detectors B and E respectively, clearly indicating a negative
correlation between solar modulation and GCR induced dose rates. We applied regression fittings
of both the linear and non-linear models described by Equations 3 and 4 to data from both detectors
as shown in Figure 4.
In order to reliably propagate the uncertainties due to both measurements and binning pro-
cesses, we have carried out a bootstrap Monte Carlo simulation (Efron 1981). Simulated data sets
are generated using the uncertainty range of the binned data which are then fitted to the models;
7During the cruise phase MSL was mostly magnetically connected with the Earth (Posner et al. 2013; Guo et al.
2015b) and directly correlating Φ measured at Earth and the RAD dose rate was sensible.
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Fig. 4.— 26-sol binned data and fittings processed through bootstrap Monte Carlo simulations of
the variations of the RAD dose rate (with pressure assumed to be constant P0 = 840 Pa) and the
solar modulation Φ on the surface of Mars through sol 13 to 681.The red/magenta line and area
represent the linear fits with standard errors (Eq. 7) of constant-pressure dose rate in detector E/B
versus solar modulation potential. The green/cyan line and area show the results of the non-linear
fits (Eq. 4).
– 17 –
dose rate results at a wider range of Φ are estimated simultaneously at each fit; 500 simulated fits
were processed for each model; for every Φ value ranging from 250 to 1200 MV, 500 dose rate
values were generated and their mean is taken to be the ’predicted’ dose rate while their standard
deviation as the uncertainty. The fitting results of the two separate models applied to both detectors
are presented below.
• The fitted parameters β and D′01 for the linear model are obtained as the mean values of the
500 fitted parameters and their uncertainties are the standard deviation of the 500 Monte
Carlo fits. For the silicon detector, B, we obtained the parameters of the linear model as
D′01 = 224.10±16.12 µGy/day and β = −0.12±0.03 µGy/day/MV. For plastic detector E, the
fitted parameters are D′01 = 267.17±16.29 µGy/day and β = −0.11±0.03 µGy/day/MV. Note
that the absolute values of D′01 are not essential to our study and they depend on the choice
of normalized pressure, P0. The parameter β however, as shown in Equation 7, directly
represents the linear dependence of dose rate changes on the solar modulation potential, Φ.
The results obtained from measurements of the two different detectors are consistent with
each other within error bars.
• The non-linear model has three fitting parameters: α1, α2 and D′02 = D02 + κP0. Their values
and error bars are also obtained using the same Monte Carlo method. For silicon detector,
B, the fitted parameters are D′02 = 89.4 ± 14.0 MV, α1 = (3.7 ± 0.8) × 104 MV µGy/day and
α2 = (9.9 ± 0.1) × 10−4 MV. For plastic detector, E, the results are D′02 = 149.6 ± 15.3 MV,
α1 = (3.3 ± 0.8) × 104 MV µGy/day and α2 = (1.3 ± 0.1) × 10−3 MV. The small absolute
values of α2 indicates that it could be ignored in the model for the range of data in the current
measurement.
The ’predicted’ dose rates (with constant surface pressure P0) at givenΦ values from 250 MV
to 1200 MV were estimated for both models and are plotted in Figure 4. The uncertainty of the
predicted dose rate increases when the extrapolation is further away from the actual measurements.
The linear model often predicts a smaller dose rate than the nonlinear model and this difference
is bigger for small solar potentials, i.e., during solar minimum. For instance, at Φ = 250 MV the
discrepancy between the two models is as large as 80 µGy/day for the silicon detector, B. Because
the predictions of the two models differ substantially at solar extreme conditions, choosing one
or the other for predicting the radiation exposure of an astronaut would make a big difference.
The data themselves do not rule out one or the other because the time period for which they are
currently available does not cover a sufficiently large range of Φ. This underlines the importance
of acquiring more data over an extended period of time to adequately cover the entire solar activity
cycle.
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4.2.3. Estimates of the Surface Radiation Environment under different Φ and P
The annually averaged modulation potential Φ reconstructed from Oulu neutron monitor data
(Usoskin et al. 2011) from 1937 until 2014 can be used to calculate the corresponding ’expected’
dose rate predicted by our models. We can also use the sunspot number predicted by the U.S. Dept.
of Commerce, NOAA, Space Weather Prediction Center (SWPC) for the coming years (2015 to
2019) to estimate the corresponding solar potential following a correlation study of monthlyΦ and
sunspot numbers (Guo et al. 2015b). The annual modulation potential, Φ, extrapolated to 1.5 AU
radial distance from the Sun through year 1937 until 2019 is shown in the top panel of Figure 5. It
shows a clear 11-year cycle and varies from less than 250 MV to more than 1200 MV.
For evaluating the space radiation environment, dose equivalent is often derived and can be
assumed to be proportional to the risk of lifetime cancer induction via population studies (ICRP60).
Its approximated value, in Sieverts (Sv), is taken to be ,< Q > × D , where D is measured tissue-
equivalent dose and < Q > is the average quality factor which is a conventional parameter for
radiation risk estimation. A < Q > value of 3.05 ± 0.26 was found from RAD’s measurements on
the surface of Mars over the first 350 sols (Hassler et al. 2014). Multiplying the tissue-equivalent
dose rates (directly measured by the plastic detector E or modeled by e.g. HZETRN model) with
the average quality factor yields the dose equivalent rate of GCR fluxes. For dose rates measured
by detector B, a silicon to water conversion factor of 1.38 has to be applied first (Zeitlin et al. 2013)
which approximately relates energy loss per unit of path length (dE/dx) in silicon to Linear Energy
Transfer (LET) in water. RAD measured dose equivalent is thus most comparable to high-water
content skin dose equivalent. The body effective dose can be further derived as the weighted sum
of different organ dose equivalent (skin, eye, bone, brain, heart, etc.) and the weighting factor
for each organ can be found in the National Council on Radiation Protection and Measurements
(Linton & Mettler Jr 2003).
The extrapolated dose rates at different modulation potential values have been estimated via
two different models and two different detectors as shown in Figure 4. These four sets of modeled
dose rates can be transfered into dose equivalent rate and the results mostly agree with each other
within error bars 8. Because we can not currently determine which of the two models is the better
approximation when the solar potential is outside the measured range, we let all the four modeled
values serve as possible results and take their mean as predictions and the propagated errors as
uncertainties. The thus final modeled dose equivalent rates and their standard deviations are shown
in Figure 5.
8Figure 4 in Guo et al. (2015b) has shown the modeled dose equivalent rate during the cruise phase estimated by
both linear and non-linear models based on dose rates from both detectors. The results are consistent within error bars
with exceptions during extreme solar conditions for which the non-linear model predicts higher dose rates.
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Fig. 5.— Top Panel: Annual average of reconstructed modulation potentialΦ at the radial distance
of Mars (gray dotted line) since 1937 until 2014 (on the left side of the vertical dashed line)
as well as the predicted values from year 2015 to 2019 (on the right side of the vertical dashed
line). Bottom Panel: Modeled annual dose equivalent rate following the evolution of Φ assuming
different seasonal surface pressures: blue for p0 = 700 Pa, green for p0 = 970 Pa and red for
P0 = 840 Pa.
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Note that the modeled dose equivalent rate has been derived based on the ’constant-pressure-
at-840 Pa’ dose rate (see Section 4.2.1). However, the seasonal surface pressure at Gale crater, as
shown in Figure 1, expands between 700 and nearly 1000 Pascals which would result in roughly
0.1 mSv/day of dose equivalent rate changes 9 and this is a considerable portion ∼ 16% of annual
averaged surface dose equivalent rate ∼ 0.7 mSV/day. In order to show this seasonal pressure
effect, we also estimated the dose equivalent rate (at various solar potentials) when pressure is 700
and 970 Pa respectively as shown Figure 5. The dose equivalent rates are inversely related to the
surface pressure, although the seasonal pressure influence is much smaller than the longer term
effects driven by solar modulation.
The estimated surface dose equivalent rate ranges from about 0.35 mSv/day to about 1.15
mSv/day and has a clear anti-correlation with Φ as expected from both models. Stronger solar
modulation leads to a decrease of dose equivalent rate and at Φ > 1000 MV the dose equivalent
rate can be as low as ∼ 0.35 mSv/day within the uncertainties, considerably smaller than the cur-
rent averaged measurement. At solar maximum and minimum when the modulation potential is
further away from the measured range, the uncertainty of the estimations increases due to the large
discrepancy between the models. Future measurements over solar minimum periods are essential
for improving the predictions at low modulation potentials.
Due to the shielding of the atmosphere, the current surface dose equivalent rate is only
about 40% of the RAD cruise measurement ∼ 1.8 mSv/day (Zeitlin et al. 2013) and that from
the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) on the Lunar Reconnaissance
Orbiter ∼ 1.6 mSv/day (Schwadron et al. 2014b). Consequently, our estimations of the surface
dose equivalent rate over solar minimum and maximum periods are much smaller than the pre-
dictions based on deep space measurements given by RAD (cruise phase, Guo et al. 2015b) and
CRaTER (Schwadron et al. 2014b). The predictions of dose equivalent rates behind these space-
craft shielding conditions are between about 1 mSv/day (solar maximum) and 5 mSv/day (solar
minimum).
5. Discussion and Conclusions
We have presented the dose rate data collected by MSL/RAD on the surface of Mars and
analyzed its short-term and long-term variations which are driven by the atmospheric pressure
changes and solar modulation. Following Rafkin et al. (2014), we first analyzed the dose rate
dependence on diurnal pressure oscillations over the first MSL Martian year. This pressure-driven
9250 Pascals of pressure change would lead to 32.5 µGy/day of dose rate difference which is then transfered to
dose equivalent rate via the quality factor.
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effect on dose rate changes in the longterm is then subtracted to recover the constant-pressure
dose rate which is then correlated with solar modulation potential Φ. A clear anti-correlation,
with a correlation coefficient of about -0.6 between Φ and the recovered dose rate, suggests that, as
expected for higher solar activity, GCR particles are more attenuated and the dose rate is decreased.
We carried out a quantitative study of this anti-correlation and fitted two models to the mea-
sured data using a bootstrap Monte-Carlo method to estimate the uncertainties. The predictions
of the two models for solar activity minimum differ substantially and the data are insufficient to
decide which of the two models should be used. Schwadron et al. (2014b) have estimated the deep
space dose rate at different modulation potential derived from HZETRN model and the dose rate
is indeed non-linearly dependent on Φ. However the shape (parameters) of this analytically de-
rived model is different from that of our empirically modeled function. This highlights the need
for extended measurements to cover solar activity minimum and an entire activity cycle and these
observations can be used to constrain the analytic models.
The extrapolated dose equivalent rate at various modulation potentials and different surface
pressures are shown in Figure 5. The predicted dose equivalent rate during solar maximum years
(e.g year 1991) when Φ ∼ 1100 MV was found to be as low as ∼ 0.35 mSv/day, which is consider-
ably lower than the current surface measurement ∼ 0.7 mSv/day since the current solar maximum
is atypically quiet. The modeled dose equivalent rate under solar minimum conditions can be as
high as 1.15 mSv/day within the uncertainties. The seasonal pressure changes may affect the esti-
mated dose equivalent rate at a level of about 0.1 mSv/day. Although this is less than the long-term
solar modulation effect, it should not be ignored. Based on the solar modulation potential predicted
for the next five years (Guo et al. 2015b), we estimate a trend of increasing dose equivalent rate
(between 0.56 and 0.84 mSv/day) from 2015 until 2020.
The correlation between heliospheric potential and RAD-measured dose rates during the
cruise phase was investigated by Guo et al. (2015b) with the data modeled by both linear and
non-linear functions. The linear dependence β of dose rate on Φ was -0.39 ± 0.07 µGy/day/MV
for the silicon detector B and -0.44 ± 0.04 µGy/day/MV for the plastic detector E. In comparison,
β derived here for the surface case are much smaller: -0.12 ± 0.03 and -0.11 ± 0.03 µGy/day/MV
for B and E respectively. This is because [a] the magnetic connection between solar modulation
potential Φ measured at Earth and dose rates evaluated during the cruise was very good, allowing
the direct and thus stronger correlation of the daily values; and more importantly: [b] low energy
particles which are more affected by solar modulation make a bigger contribution to the GCR doses
detected during the cruise phase than to the doses measured at the surface of Mars. The process of
a GCR spectrum penetrating through the Martian atmosphere can be simulated using for instance
the PLANETOCOSMICS toolkit (Desorgher et al. 2006). Given typical Martian atmospheric con-
ditions, we have found that protons with energies less than 1
– 22 –
Gale Crater. The penetration energy is species dependent and increases with increasing ion charge.
Instead, the spacecraft shielding was highly non-uniform while nearly 50% of incoming particle
trajectories within the field of view of RAD from above were only lightly shielded (Zeitlin et al.
2013), thus allowing more low-energy particles to contribute to the dose rate. We will carry out
more GEANT4 (Agostinelli et al. 2003) and PLANETOCOSMICS simulations as well HZETRN
modelling in the future to study the interactions of GCR spectra with different shielding conditions
(spacecraft and the atmosphere) in order to derive modeled function of the dose rate dependence
on pressure and solar potential which can be compared with our empirical functions.
Both models have assumed the independent effect of pressure and Φ on dose rates. However,
this may be modified when pressure and Φ change over wider ranges than have been observed to
date:
• a much thinner atmosphere will allow more lower-energy particles to reach the surface which
experience stronger modulation (e.g., bigger |β| in the linear model). Therefore, for signifi-
cant pressure changes, β could be a function of P , i.e., β(P);
• much stronger solar modulation (bigger Φ) would lead to a larger fraction of high-energy
particles in the GCR flux and these energetic particles are less affected by the atmosphere
(smaller |κ|); when pressure is much higher and the surface atmospheric depth is approach-
ing the Pfotzer maximum (e.g., Richter & Rasch 2008), most primary particles are shielded
while more secondary particles are generated and this may result in a decreased shielding
effect; therefore the dependence of dose rate on pressure may be modified as P and Φ change
substantially, i.e., κ = κ(P,Φ);
• both the linear and non-linear models are empirical and derived from measurements; despite
the robustness of the fitting of the actual data, the extrapolation is highly uncertain and a
complete model requires measurements over the full range of solar conditions.
To verify these non-linear and second-order effects of our fitted parameters in the empirical func-
tion, Monte Carlo simulations as well as analytic HZETRN modeling will be carried out for con-
straining the parameters and comparing the predictions.
The quality factor used to derive equivalent dose from dose may also be sensitive to substantial
changes in solar modulation because the estimation of the average quality factor depends on the
spectra of particles depositing energies in the detector (Schwadron et al. 2014b). Hitherto, the
measured < Q > has been quite stable since [a] the RAD measurements have undergone only small
changes of the solar modulation and [b] the modulation affects more the low-energy ions which
are more likely to be shielded by the atmosphere and contribute little to the surface spectra. The
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change of the quality factor under much different solar conditions needs to be investigated with
extended measurements.
A total Mars mission GCR dose equivalent can be estimated based on our measurements and
predictions of both the surface case and the cruise phase (Guo et al. 2015b). The fastest round trip
with on-orbit staging and existing propulsion technologies has been estimated to be a 195-day trip
(120 days out, 75 days back with an extra e.g., 14 days on the surface), as described by Folta et al.
(2012). During solar maximum periods when Φ ∼ 1200MV , this would result in a GCR-induced
cruise dose equivalent of 195 ± 98 mSv and surface dose equivalent of 4.9 ± 2.0 mSv, which adds
to 200 ± 100 mSv during the total mission.
Additional contributions to dose rate and dose equivalent rate by SEPs should not be ignored
and they can differ significantly from the current measurements due to the high variability of their
frequencies and intensities. Small, ”soft-spectrum” solar events where particle energies are modest
will have little or no effect on the surface dose due to atmospheric shielding. For instance the total
dose equivalent from the first SEP event observed on Mars (on sol 242) was only 0.025 mSv
(Hassler et al. 2014) while the cruise SEP events had dose equivalent ranging from 1.2 mSv/event
to 19.5 mSv/event (Zeitlin et al. 2013). Future measurements of much bigger SEP events on the
surface of Mars are crucial for understanding extreme conditions of radiation environment on Mars
for potential manned missions.
RAD is supported by the National Aeronautics and Space Administration (NASA, HEOMD)
under Jet Propulsion Laboratory (JPL) subcontract #1273039 to Southwest Research Institute and
in Germany by DLR and DLR’s Space Administration grant numbers 50QM0501 and 50QM1201
to the Christian Albrechts University, Kiel. Part of this research was carried out at JPL, Cali-
fornia Institute of Technology, under a contract with NASA. The sunspot data has been obtained
from: WDC-SILSO, Royal Observatory of Belgium, Brussels. We are grateful to the Cosmic Ray
Station of the University of Oulu and Sodankyla Geophysical Observatory for sharing their Neu-
tron Monitor count rate data. The data used in this paper are archived in the NASA Planetary
Data Systems Planetary Plasma Interactions Node at the University of California, Los Angeles.
The archival volume includes the full binary raw data files, detailed descriptions of the struc-
tures therein, and higher-level data products in human-readable form. The PPI node is hosted at
http://ppi.pds.nasa.gov/.
REFERENCES
Agostinelli, S., Allison, J., Amako, K. a., et al. 2003, Nuclear instruments and methods in physics
research section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
– 24 –
506, 250
Bethe, H. 1932, Zeitschrift fu¨r Physik, 76, 293
Boynton, W., Feldman, W., Mitrofanov, I., et al. 2004, in 2001 Mars Odyssey (Springer), 37–83
Clem, J. M., & Dorman, L. I. 2000, Space Science Reviews, 93, 335
Connick, D. E., Smith, C. W., & Schwadron, N. A. 2011, The Astrophysical Journal, 727, 8
Dartnell, L., Desorgher, L., Ward, J., & Coates, A. 2007, Geophys. Res. Lett, 34, L02207
Desorgher, L., Flu¨ckiger, E. O., & Gurtner, M. 2006, in 36th COSPAR Scientific Assembly,
Vol. 36, 2361
Efron, B. 1981, Biometrika, 68, 589
Ehresmann, B., Burmeister, S., Wimmer-Schweingruber, R., & Reitz, G. 2011, Journal of Geo-
physical Research (Space Physics), 116, 10106
Ehresmann, B., Zeitlin, C., Hassler, D. M., et al. 2014, Journal of Geophysical Research: Planets,
119, 468
Folta, D., Vaughn, F., Rawitscher, G., & Westmeyer, P. 2012, LPI Contributions, 1679, 4181
Forbush, S. 1938, Terrestrial Magnetism and Atmospheric Electricity, 43, 203
Gieseler, J., Heber, B., Dunzlaff, P., et al. 2008, in International Cosmic Ray Conference, Vol. 1,
571–574
Gleeson, L., & Axford, W. 1968, The Astrophysical Journal, 154, 1011
Goelzer, M. L., Smith, C. W., Schwadron, N. A., & McCracken, K. G. 2013, Journal of Geophysi-
cal Research: Space Physics, 118, 7525
Go´mez-Elvira, J., Armiens, C., Castan˜er, L., et al. 2012, Space science reviews, 170, 583
Grotzinger, J. P., Crisp, J., Vasavada, A. R., et al. 2012, Space science reviews, 170, 5
Guo, J., Zeitlin, C., Wimmer-Schweingruber, R. F., et al. 2015a, Radiation protection dosimetry,
ncv297
—. 2015b, Astronomy & Astrophysics, 577, A58
Haberle, R., Go´mez-Elvira, J., Torre Jua´rez, M., et al. 2014, Journal of Geophysical Research:
Planets, 119, 440
– 25 –
Hassler, D., Zeitlin, C., Wimmer-Schweingruber, R., et al. 2012, Space science reviews, 170, 503
Hassler, D. M., Zeitlin, C., Wimmer-Schweingruber, R. F., et al. 2014, science, 343, 1244797
Heber, B., Fichtner, H., & Scherer, K. 2007, in Solar Variability and Planetary Climates (Springer),
81–93
Jokipii, J., Giacalone, J., & Kota, J. 2004, The Astrophysical Journal Letters, 611, L141
Ko¨hler, J., Zeitlin, C., Ehresmann, B., et al. 2014, Journal of Geophysical Research: Planets, 119,
594
Komitov, B., & Kaftan, V. 2013, Journal of Advanced Research, 4, 279
Linton, O. W., & Mettler Jr, F. A. 2003in , 321–329
McComas, D., Angold, N., Elliott, H., et al. 2013, The Astrophysical Journal, 779, 2
McComas, D., Ebert, R., Elliott, H., et al. 2008, Geophysical Research Letters, 35, 18103
Mewaldt, R., Davis, A., Lave, K., et al. 2010, The Astrophysical Journal Letters, 723, L1
Owen, T., Biemann, K., Rushneck, D., et al. 1977, Journal of Geophysical research, 82, 4635
ONeill, P. M. 2006, Advances in Space Research, 37, 1727
Parker, E. 1958, Physics of Fluids (1958-1988), 1, 171
Posner, A., Odstrcˆil, D., MacNeice, P., et al. 2013, Planetary and Space Science, 89, 127
Potgieter, M., & Le Roux, J. 1992, The Astrophysical Journal, 386, 336
Rafkin, S. C., Zeitlin, C., Ehresmann, B., et al. 2014, Journal of Geophysical Research (Planets),
119, 1345
Richter, J. H., & Rasch, P. J. 2008, Journal of Climate, 21, 1487
Saganti, P. B., Cucinotta, F. A., Wilson, J. W., & Schimmerling, W. 2002, Journal of radiation
research, 43, S119
Scherer, K., Fichtner, H., Strauss, R., et al. 2011, The Astrophysical Journal, 735, 128
Schwadron, N., Townsend, L., Kozarev, K., et al. 2010, Space Weather, 8
Schwadron, N., Smith, C., Spence, H. E., et al. 2011, The Astrophysical Journal, 739, 9
– 26 –
Schwadron, N., Goelzer, M., Smith, C., et al. 2014a, Journal of Geophysical Research: Space
Physics, 119, 1486
Schwadron, N. A., Baker, T., Blake, B., et al. 2012, Journal of Geophysical Research: Planets,
117, E00H13
Schwadron, N. A., Blake, J. B., Case, A. W., et al. 2014b, Space Weather, 12, 622
Smith, C. W., Schwadron, N. A., & DeForest, C. E. 2013, The Astrophysical Journal, 775, 59
Tillman, J. E. 1988, Journal of Geophysical Research: Atmospheres (1984–2012), 93, 9433
Usoskin, I., Alanko, K., Mursula, K., & Kovaltsov, G. 2002, Solar Physics, 207, 389
Usoskin, I., Alanko-Huotari, K., Kovaltsov, G., & Mursula, K. 2005, J. Geophys. Res, 110, A12108
Usoskin, I., Bazilevskaya, G., & Kovaltsov, G. 2011, J. Geophys. Res, 116, A02104
Wibberenz, G., Richardson, I., & Cane, H. 2002, J. Geophys. Res, 107, 1353
Wilson, J. W., Badavi, F. F., Cucinotta, F. A., et al. 1995, HZETRN: description of a free-space ion
and nucleon transport and shielding computer program (National Aeronautics and Space
Administration, Langley Research Center)
Zeitlin, C., Hassler, D., Cucinotta, F., et al. 2013, Science, 340, 1080
Zurek, R. W. 1988, Journal of Geophysical Research: Atmospheres (1984–2012), 93, 9452
This preprint was prepared with the AAS LATEX macros v5.2.
